Since the first report on its occurrence in 2010, Ricania shantungensis Chou & Lu in Korea has quickly spread. This pest population in agricultural areas has increased by over 100% each year and has caused serious economic damage in the last few years. This study was conducted to predict the potential habitat and the current and future distribution of R. shantungensis in Korea using CLIMEX and the Maximum Entropy Model (MaxEnt), and to suggest a new parameter selection method for both modeling programs. Weights of variables used in CLIMEX and those used in MaxEnt were determined using spatial association indices of spatial analysis by distance indices (SADIE). Weather data of Zhejiang province in China and those of all Korean territories were compared with Climate Matching in CLIMEX. MaxEnt was applied and evaluated with 295 data points on the presence and absence of R. shantungensis and eight environmental variables that were preselected by spatial and correlation tests. In MaxEnt, maximum temperature of the warmest month, annual mean temperature, mean temperature of the coldest month, and precipitation of the driest month were determined to be the most important variables affecting the distribution of R. shantungensis in Korea. The results of this study indicated that R. shantungensis had a higher probability of occurrence in western areas than in eastern areas of Korea, and showed great potential to spread eastward. These results are expected to be helpful for managing R. shantungensis in Korea and selecting relevant environmental variables for species distribution modeling.
Introduction
Since Ricania shantungensis Chou & Lu (Hemiptera: Ricaniidae) was first reported in Gongju and Yesan of Chungcheong-do in 2010 in Korea, this insect pest has quickly spread southward to Jeonla-do and northward to Gyunggi-do [1] . It is now slowly spreading toward the middle parts of Gyungsang-do [2] . Overall, the population of R. shantungensis in agricultural areas has increased by over 100% each year from 2015 to 2017, causing serious economic damage [3] . This pest directly causes damage by sucking plant saps and laying eggs. It also indirectly induces sooty mold disease on leaves through its excretions [1] . Accordingly, there has been an increasing demand for knowledge about the current and future distribution of R. shantungensis in order to determine how environmental conditions influence its occurrence and improve the efficiency of this species' management. There has been a Therefore, this study was conducted to evaluate the potential habitat of R. shantungensis with CLIMEX, to predict the current distribution of the possible presence of R. shantungensis with MaxEnt, to suggest a method for selecting parameters in MaxEnt and the parameters' weights in CLIMEX, and finally to predict the future distribution of the possible presence of R. shantungensis in Korea.
Materials and Methods

Data Collection for the Presence and Absence of R. shantungensis
In order to collect data on the presence and absence of R. shantungensis, a map of Korea was divided into 30 km by 30 km grids, and at least one location point per grid was surveyed for the occurrence of R. shantungensis to minimize unsampled areas ( Figure 1 ). First, data on presence were obtained from previously published data [4] and unpublished reports by the Gyunggi and Chungnam Agricultural Research and Extension Services in 2017. Grid locations where the presence of R. shantungensis was not checked were then surveyed in 2017. The survey was mainly conducted along rest areas of highways within a grid because R. shantungensis had been first found at rest areas of highways in newly invaded areas [4] . If rest areas were not present within a grid, then major host plants (i.e., Robinia pseudoacacia, Diospyros kaki, Castanea spp., Prunus serrulata, and so on) at temporary parking places abutting forested areas were randomly observed within the grid. The absence of R. shantungensis was determined after checking at least 20 trees. Whole branches within observers' reach were observed in each tree. A total of 295 data points (149 previously reported points and 146 newly surveyed points) were collected, and R. shantungensis was found at 175 points among them ( Figure 1 ). 
Environmental, Traffic, Footprint, and Landcover Data Collection
Numerical climate data, composed of monthly temperatures (i.e., maximum, minimum, and mean) and precipitation for the period 1981-2010 from 73 meteorological stations, were obtained 
Numerical climate data, composed of monthly temperatures (i.e., maximum, minimum, and mean) and precipitation for the period 1981-2010 from 73 meteorological stations, were obtained from the Korea Meteorological Administration (KMA) (http://www.kma.go.kr). Climatic data were interpolated throughout all areas of Korea using inverse distance weighting with an option of estimating a point value with the nearest five meteorological stations' data. The estimated monthly temperature and precipitation data were transformed into 19 bioclimatic variables in the format of WorldClim (http://www.worldclim.org) in DIVA-GIS 7.5 [16] . All variables were created in the same resolution (i.e., 1 km by 1 km) and file format (i.e., ASCII) by considering the resolution of the available projected map and environmental data. Future climate data were also downloaded from the KMA. These data were developed by the representative concentration pathway (RCP) 8.5 scenario for temperature and precipitation based on historical data (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) in Korea. In this study, climate data (i.e., temperature and precipitation) of RCP 8. A digital elevation model (DEM) was downloaded from the website of the National Spatial Data Infrastructure Portal in Korea (http://www.nsdi.go.kr) to create elevation data. Because these elevation data were created with a different resolution (i.e., 0.8 km by 0.8 km) from that of the 19 bioclimatic variables, data were resampled by the numeric value of the nearest neighbor cell using the resample tool in ArcGIS 10.1 (ESRI; Redlands, CA, USA).
Traffic data were downloaded from the website of the Traffic Monitoring System in Korea (http://www.road.re.kr). For analysis, the downloaded traffic amount at 3477 points was interpolated with the ordinary Kriging method and mapped in ASCII file format with a resolution of 1 km by 1 km in ArcGIS 10.1. Footprint data were also downloaded from the website of National Aeronautics and Space Administration (NASA) Earth Observing System Data and Information System (http://earthdata.nasa.gov). Worldwide data were clipped with the mask of the Korean territory in ArcGIS 10.1.
Landcover data furnished by the Environmental Geographic Information Service in Korea (http://egis.me.go.kr) were downloaded and resampled by the attribute value with the largest area within a 1 km by 1 km cell in ArcGIS 10.1 because the resolution of the downloaded data (i.e., 5 m by 5 m) was much higher than that of the other variables.
A total of 23 variables (Table 1) , including 19 bioclimatic variables, were prepared to describe the current distribution of R. shantungensis in Korea.
Spatial Association between Environmental Variables and Distribution of R. shantungensis
In order to accurately predict the distribution of R. shantungensis in Korea, variables selected for modeling should be biologically related to R. shantungensis. If distributions of selected variables are spatially related to the distribution of R. shantungensis, possibilities of biological relationships between R. shantungensis and its surrounding environmental variables are expected to be increased [17] . Thus, spatial analysis by distance indices (SADIE) [18] was used to measure spatial associations between data on the occurrence of R. shantungensis and 22 environmental variables. The Landcover variable could not be applied for spatial analysis because it was in the form of categorical data. SADIE quantifies the contribution of counts at each location to a patch (i.e., a region of relatively large counts close to one another) and a gap (i.e., a region of relatively small counts close to one another) [19] . For the spatial association test in SADIE, the variables that are compared should have coincident coordinates, and all data should have clustering indices (i.e., a degree of contribution at each location) [19] . To match the coordinates of each point of data on the occurrence of R. shantungensis and the 22 environmental variables, point data were extracted from middle points of each grid (Figure 1 ) in ArcGIS 10.1. For this process, a krigged map for R. shantungensis occurrence was used. Spatial indices of each point of 23 sets were estimated in SADIE. The overall spatial association (X) is the mean of the local correlation coefficient between the clustering indices of the two sets; X > 0 for a positive spatial association, X = 0 for no spatial association, and X < 0 for a negative spatial association [19] . Positive X values indicate the coincidence of a patch cluster for one set with a patch cluster for the other or the coincidence of two gaps, and negative X values are indicated by a patch coinciding with a gap [19] . The associated probability (P) was also calculated based on randomization tests [19] . The null hypothesis is that the spatial arrangement of the count data between two data sets is random [20] . In this study, X > 0 indicates a positive spatial association, X = 0 indicates no spatial association, and X < 0 indicates a negative spatial association between the occurrence of R. shantungensis and its surrounding environments. All SADIE statistics were calculated using SADIEShell version 1.22 (Rothamsted Experimental Station, Harpenden, Herts, UK). 
Prediction of Habitat Suitability of R. shantungensis with CLIMEX
The Climate Matching function in CLIMEX predicts the habitat suitability of a target species in a country of interest (i.e., Korea in this study and Away in CLIMEX) by comparing the climate of the origin area (i.e., Zhejiang in this study and Home in CLIMEX) with that of Away [8] . Metadata provided by the CLIMEX program and 30 years (1981-2010) of climate data from the KMA were used as the climate data of Zhejiang in China and all Korean territories, respectively. The similarity level of climates between Home and Away was determined by the Composite Match Index (CMI), which is calculated using seven components (i.e., Maximum temperature (I tmax ), Minimum temperature (I tmin ), Average temperature (I tav ), Total rainfall (I rain ), Rainfall pattern (I rpat ), Relative humidity (I hum ), and Soil moisture (I smst )) and the individual weight of each component [13] . If the CMI value is closer to 1 than 0, climates of Away areas are more similar to those of the Home area [11] .
Among the seven components, only five related to temperature and precipitation were used for Climate Matching in this study. Between I tav and I tmin , I tav was selected and used for the analysis because I tav was highly correlated (correlation coefficient (r) > 0.9) with I tmin and the X value of I tav in spatial association tests was higher than that of I tmin ( Table 2) . Weights of the four remaining variables were determined by using the X values of related environmental factors in spatial association tests between environmental factors and R. shantungensis occurrence as follows:
Weight of
where X Bioi indicates the X value of bioclimatic factor Bioi in the spatial association test with R. shantungensis occurrence. Bio1, Bio5, Bio12, and Bio13, 14, 16, 17, 18, and 19 were related to I tav , I tmax , I rain , and I rpat , respectively. These bioclimatic factors were not only related to components of Climate Matching in CLIMEX but also spatially associated with R. shantungensis occurrence. From these processes, the actual weights that were used of each component were 0.61, 0, 0.39, 0.48, 0.49, 0, and 0 for I tmax , I tmin , I tav , I rain , I rpat , I hum , and I smst , respectively. 1 Index of association (X) with its associated probability (P). For a two-tailed test at the 95% confidence level, P < 0.025 indicates a significant positive association and P > 0.975 indicates a significant negative association.
Prediction of Current Distribution for R. shantungensis with MaxEnt
Because MaxEnt requires data on presence [21] , of the 295 data points, 175 data points on presence were used for prediction. The 132 data points from the new field survey were used as training data and the other (from the published paper) 43 data points were used as test data because the selected parameters should explain both the past (i.e., the test in this study) and the current data (i.e., training in this study) to avoid one of the criticisms of MaxEnt (i.e., that it is suitable for species of equilibrium status [9] ). Thus, the test data in this study were not used to evaluate the model's performance. Instead, they were used to select and exclude variables unrelated to the presence of R. shantungensis in Korea. In the average nearest neighbor test in ArcGIS 10.1, the training data showed a significantly (p < 0.01) clustered pattern, which could cause overfitting problems [22] against environmental variables. Thus, by reducing the spatial cluster of the data on the presence of R. shantungensis, spatial filtering [23] was executed by the expected mean distance (0.138124 decimal degrees) in the average nearest neighbor test (a hypothetical random distribution in the region of interest) using the 'spatially rarefy occurrence data' tool in the SDM toolbox of ArcGIS 10.1. Ultimately, 72 points among the 132 occurrence points were used as training data for MaxEnt modeling, and 43 points were used for test data.
To eliminate multi-collinear variables, which can lead to overfitting problems [24] or an ambiguous interpretation, a correlation test was executed in ArcGIS 10.1. If the correlation coefficient (r) was greater than 0.9 (r > 0.9, r < −0.9), only one variable was used for further analyses among pairs of correlated variables by considering the X values of spatial association tests among correlated variables (Table 1) . Through these procedures, 13 variables (i.e., Bio1, Bio2, Bio3, Bio5, Bio6, Bio7, Bio12, Bio14, Bio17, Bio18, Footprint, Traffic volume, and Landcover) among the original 23 were preferentially selected. To avoid another criticism of MaxEnt (i.e., variable selection being irrelevant to the target species' distribution due to MaxEnt's processor) [8] , spatially associated variables (i.e., Bio1, Bio5, Bio6, Bio12, Bio14, Bio17, Bio18, and Landcover) were used for MaxEnt modeling.
MaxEnt software version 3.4.1 [25] was initially executed with the default parameter settings (e.g., feature type, regularization multiplier, and 10,000 background points) using training data, test data, and eight pre-selected variables. In all executions of MaxEnt modeling, a jackknife test was conducted to measure variable importance and exclude unrelated variables. To reduce model complexity and eliminate unrelated variables, variables were excluded from the model under two conditions: First, the value of test gain was less than zero; and second, the gain value without one variable was higher than that in the case when all variables were used. These processes were repeated until there was no variable to be discarded. Through these stepwise procedures, seven variables (i.e., Bio1, Bio5, Bio6, Bio12, Bio14, Bio 17, and Bio18) were finally selected, and the estimated occurrence model for R. shantungensis was built.
Comparison between the Expected Occurrence by MaxEnt and the Actual Occurrence of R. shantungensis
In order to compare the absence of R. shantungensis between the observed and predicted values by the MaxEnt model, the predicted values of the MaxEnt model were extracted with 120 observed points (i.e., observed absence points in this study) in ArcGIS 10.1. The area under the curve (AUC) score of MaxEnt provides the predictive ability of the developed model. However, the actual absence points of R. shantungensis in Korea were aggregated in the western parts. They were not used in the MaxEnt modeling process. Thus, data on absence need to be evaluated to verify the prediction reliability of the MaxEnt model that is suggested in this study. If the extracted value was more than 0.5 at one point, R. shantungensis was considered to be present at that point. The prediction abilities of the MaxEnt model for observed occurrence were statistically compared to random probability (i.e., 50%) using a Chi-square test [26] .
Prediction of Future Distributions of R. shantungensis in Korea
MaxEnt was also used to predict the future probability of R. shantungensis presence in Korea with the seven selected variables (i.e., Bio1, Bio5, Bio6, Bio12, Bio14, Bio 17, and Bio18) of the RCP 8. 
Results
Habitat Suitability of R. shantungensis with CLIMEX
In all Korean territories, the CMI values were higher than 0.7, indicating that climatic conditions in all locations of Korea were similar to those of Zhejiang in China. However, the similarity of climatic conditions was lower in the eastern part of Korea than in the western part of Korea, where R. shantungensis mainly occurred (Figure 2 
Prediction of Current and Future Distribution of R. shantungensis with MaxEnt
The AUC score of the training data in the MaxEnt model in this study was 0.78, which was larger than 0.75, indicating reliable predictive ability (Figure 3) . The AUC score of the test data was 0.79, slightly higher than that of the training data. The contributions of Bio5, Bio1, Bio6, Bio14, Bio18, Bio 17, and Bio2 in this model were 41.2, 15.9, 15.7, 12.6, 7.1, 5.5, and 2.0%, respectively. According to the response curves for the variables related to the presence of R. shantungensis in Korea, each variable affected the possible presence of R. shantungensis in a different way (Figure 4 ): The maximum temperature of the warmest month (i.e., Bio5) showed a generally sigmoidal effect. The minimum temperature of the coldest month (i.e., Bio6) showed a sigmoidal effect until −6 °C, a negative effect between −6 °C and 2 °C, then an exponential effect after 2 °C . The precipitation of the warmest quarter (i.e., Bio18) showed two peaks around minimum and 825 mm. The precipitation of the driest month (i.e., Bio 14) showed endurance at a certain level of precipitation, and then an exponential effect. However, the precipitation of the driest quarter (i.e., Bio 17) showed a negative effect. Both the annual mean temperature (i.e., Bio1) and annual precipitation (i.e., Bio12) were favorable for the occurrence of R. shantungensis in Korea by maintaining an approximately 61% occurrence possibility. 
The AUC score of the training data in the MaxEnt model in this study was 0.78, which was larger than 0.75, indicating reliable predictive ability (Figure 3) . The AUC score of the test data was 0.79, slightly higher than that of the training data. The contributions of Bio5, Bio1, Bio6, Bio14, Bio18, Bio 17, and Bio2 in this model were 41.2, 15.9, 15.7, 12.6, 7.1, 5.5, and 2.0%, respectively. According to the response curves for the variables related to the presence of R. shantungensis in Korea, each variable affected the possible presence of R. shantungensis in a different way (Figure 4 ): The maximum temperature of the warmest month (i.e., Bio5) showed a generally sigmoidal effect. The minimum temperature of the coldest month (i.e., Bio6) showed a sigmoidal effect until −6 • C, a negative effect between −6 • C and 2 • C, then an exponential effect after 2 • C. The precipitation of the warmest quarter (i.e., Bio18) showed two peaks around minimum and 825 mm. The precipitation of the driest month (i.e., Bio 14) showed endurance at a certain level of precipitation, and then an exponential effect. However, the precipitation of the driest quarter (i.e., Bio 17) showed a negative effect. Both the annual mean temperature (i.e., Bio1) and annual precipitation (i.e., Bio12) were favorable for the occurrence of R. shantungensis in Korea by maintaining an approximately 61% occurrence possibility. The correctly predicted rate of MaxEnt in actually absent points was 86.7% by matching 102 points among 120, which was statistically (x 2 = 64.5, p < 0.001) meaningful. Future presence probability maps of R. shantungensis in Korea were also developed with MaxEnt by using climatic data under the RCP 8.5 scenario for the 2030s, 2050s, 2070s, and 2090s ( Figure 5 ). In the future distribution of R. shantungensis, Gyungsang-Do and Gangwon-Do were expected to have a high occurrence probability. Currently, R. shantungensis has been found at only a few points in Gyungsang-Do and Gangwon-Do in a survey of 2017. In the 2070s and 2090s, the occurrence probability of R. shantungensis is expected to be low in southwest Korea, where, to date, the occurrence of this pest has been severe. The correctly predicted rate of MaxEnt in actually absent points was 86.7% by matching 102 points among 120, which was statistically (x 2 = 64.5, p < 0.001) meaningful. Future presence probability maps of R. shantungensis in Korea were also developed with MaxEnt by using climatic data under the RCP 8.5 scenario for the 2030s, 2050s, 2070s, and 2090s ( Figure 5 ). In the future distribution of R. shantungensis, Gyungsang-Do and Gangwon-Do were expected to have a high occurrence probability. Currently, R. shantungensis has been found at only a few points in Gyungsang-Do and Gangwon-Do in a survey of 2017. In the 2070s and 2090s, the occurrence probability of R. shantungensis is expected to be low in southwest Korea, where, to date, the occurrence of this pest has been severe. The correctly predicted rate of MaxEnt in actually absent points was 86.7% by matching 102 points among 120, which was statistically (x 2 = 64.5, p < 0.001) meaningful. Future presence probability maps of R. shantungensis in Korea were also developed with MaxEnt by using climatic data under the RCP 8.5 scenario for the 2030s, 2050s, 2070s, and 2090s ( Figure 5 ). In the future distribution of R. shantungensis, Gyungsang-Do and Gangwon-Do were expected to have a high occurrence probability. Currently, R. shantungensis has been found at only a few points in Gyungsang-Do and Gangwon-Do in a survey of 2017. In the 2070s and 2090s, the occurrence probability of R. shantungensis is expected to be low in southwest Korea, where, to date, the occurrence of this pest has been severe. 
Discussion
This study predicted the potential habitat suitability and current distribution probability of R. shantungensis in Korea using CLIMEX and MaxEnt. Both models, in general, well-described the observed distribution pattern of R. shantungensis in Korea. Accordingly, spatial analysis could be a useful tool for finding reliable variables to explain the distribution of a target species. Moreover, this study forecasted the future occurrence of R. shantungensis and found relevant environmental variables with the occurrence of R. shantungensis in Korea. These results could be helpful for preparing management strategies for R. shantungensis and national long-term agricultural plans in Korea.
The predicted current distribution of R. shantungensis in this study was generally similar to that of the previous study [4] , but showed opposite results in a few areas (e.g., Kangwon-do parts overlapping with Kyunggi-do, eastern parts in Gyeongsang-do, and northern parts of Gyunggi-do) despite the fact that both studies used the same program (MaxEnt) and similar environmental variables. These areas were newly invaded areas by R. shantungensis within Korea after the study of Kim et al. [4] . These differences could potentially be caused by the correlative parameter selection process of MaxEnt [9] . The MaxEnt model for this spreading insect could have a high probability of selecting non-relevant variables due to the correlative modeling process in MaxEnt [8] . Kim et al. [4] did not speculate whether this pest distribution in Korea had reached equilibrium status. Kim et al. [4] also reported that precipitation and mean temperature of the warmest quarter, forest type, and landcover were the most important variables affecting R. shantungensis. Although these variables were able to predict R. shantungensis well at that time, they failed to accurately describe its distribution in 2017. Moreover, Kim et al. [4] did not explain why these variables were selected and how these variables affected the distribution of R. shantungensis. However, important variables in this study, i.e., maximum temperature of the warmest month, annual mean temperature, mean temperature of the coldest month, and precipitation in the driest month, could explain the data reported in Kim et al. [4] and the current data, indicating the strong relationship of these variables with the occurrence of R. shantungensis. Thus, results of this study would be more reliable for predicting the possible presence of R. shantungensis in Korea.
Correlative models, including MaxEnt, have the greatest advantage in that they can result in a higher matching rate between observed and predicted data than models using deterministic processors. However, correlative models have been subject to criticism [8] [9] [10] . This study attempted to minimize the disadvantages of MaxEnt. By using spatial analysis in variable selection processes, only variables that were relevant to R. shantungensis occurrence were used in the modeling process. Moreover, this study showed that the selected variables and their parameters could explain the 
Correlative models, including MaxEnt, have the greatest advantage in that they can result in a higher matching rate between observed and predicted data than models using deterministic processors. However, correlative models have been subject to criticism [8] [9] [10] . This study attempted to minimize the disadvantages of MaxEnt. By using spatial analysis in variable selection processes, only variables that were relevant to R. shantungensis occurrence were used in the modeling process. Moreover, this study showed that the selected variables and their parameters could explain the occurrence of R. shantungensis in both the past and present by using two separate sets of data, although R. shantungensis is still spreading in Korea [1] [2] [3] . Multiple studies [27] [28] [29] have reported on the general characteristics of suitable variables related to the occurrence of a target species. Bradie and Leung [27] reviewed published results from MaxEnt and found that temperature and precipitation among environmental variables were generally related to target species' occurrence. Petitpierre et al. [28] concluded that the variables having a direct impact on species physiology and fitness were related to species' occurrence by reviewing MaxEnt studies. Braunisch et al. [29] suggested that variables related to target species occurrence should be selected in MaxEnt modeling, although they discussed methods to select variables in the case of an uncertain relationship between a species' occurrence and its environments. The variables selected in this study also met the criteria of previous studies [27] [28] [29] . This study also showed a high accuracy of 86.7% at points where the data were not used in MaxEnt modeling. It is possible that the accuracy of the model's prediction could be increased by data on absence [30] even though there is the potential for false absences [31] . However, the results of this study were able to predict the presence and absence of R. shantungensis well. Finally, the results from CLIMEX, one of the deterministic models, also showed that western parts of Korea were relatively more suitable for R. shantungensis than eastern parts, similar to the results from MaxEnt.
The results of this study indicated that seven environmental variables (i.e., Bio1, Bio5, Bio6, Bio12, Bio 14, Bio 17, and Bio18) were important for predicting the occurrence of R. shantungensis. It is reasonable to conclude that temperature-related variables (i.e., Bio1, Bio5, and Bio6) positively affect R. shantungensis occurrence because the metabolic rate with increasing temperature is normally increased up to its upper lethal temperature, and this is reflected in the developmental rate in insects due to their ectodermal characteristics [32] . It was proven that elevation, which is negatively correlated with Bio5, also negatively affected the occurrence of R. shantungensis [33] . Kim et al. [34] reported that high humidity was helpful for increasing the survival of R. shantungensis eggs during winter. Thus, Bio14 and 17 would be expected to have positive effects on R. shantungensis occurrence in Korea, while long-term rain during winter was predicted to negatively affect R. shantungensis occurrence in the MaxEnt modeling. Long-term and frequent rain during winter might cause overwintering eggs to die due to the ecological characteristics of R. shantungensis; eggs are laid between cracks of branches and covered with wools made by their mothers. Precipitation during summer (i.e., Bio18) showed two peaks at low precipitation (i.e., 500-530 mm) as well as at around 825 mm of precipitation. These two peaks could be caused more by the frequency of heavy rain in Korea during summer rather than absolute amounts of precipitation because heavy rain could affect the flight activities and survival of adults of R. shantungensis.
The results of this study indicated that the maximum temperature of the warmest month was the most important variable for predicting the occurrence of R. shantungensis, as it had a 41.2% contribution rate in the MaxEnt model. This month (i.e., August in Korea) matches the pre-ovipositional period of R. shantungensis in Korea. Female adults lay eggs inside cracks and cover their eggs with wool that they make [1] . Moreover, they should find a suitable habitat for the development of their progenies. These oviposition behaviors of R. shantungensis are expected to consume a large amount of energy. Thus, R. shantungensis adults may require significant feeding activity before oviposition and a high temperature would be helpful for their activities and ovary development. Their high energy requirement is also proven by their relatively long pre-oviposition period (i.e., over one month) considering their body sizes and temperature [1] . The annual mean temperature (15.9% in contribution rate) and precipitation (2% in contribution rate) were shown to constantly and positively contribute to R. shantungensis occurrence. This result is consistent with CLIMEX results showing that all areas in the Korean territory were a suitable habitat for R. shantungensis. Both mean temperature of the coldest month (15.7% in contribution rate) and precipitation of the driest month (12.6% in contribution rate) were related to overwintering of R. shantungensis. These variables were proven to be highly related to the occurrence of R. shantungensis in MaxEnt and SADIE as well as its ecology. Thus, prediction of R. shantungensis occurrence could be enabled in other non-invaded countries using these major variables that are related to its occurrence [21, 28, 35] .
The occurrence of R. shantungensis as an invasive species was expected to be highly related to human-related variables (i.e., Traffic and Footprint in this study) because insect spread is generally correlated with human-related factors [36] . Moreover, there was a report that showed high contamination rates of R. shantungensis at rest areas of highways and roadsides [4] . However, this study showed that these human-related variables were not significantly (p < 0.05) related to the occurrence of R. shantungensis in Korea. This could be related to the high mortality of R. shantungensis eggs in cut trees [34] . Kang et al. [2] also reported that R. shantungensis was slowly spreading toward the middle parts of Gyungsang-Do, along the coastal areas of southern Korea, even though the direction of spread was toward Busan-Si with very high Traffic and Footprint values. In this study, one of the habitat-related variables, Landcover, was not selected by MaxEnt because the gain value was higher without than with this variable. This result could be related to the ecology of R. shantungensis, which has very broad host ranges [4] . In fact, this pest has broken out in various types of landcover, such as cities, orchards, agricultural fields, and forests. Thus, R. shantungensis would be expected to spread continuously, except for under conditions of transplanted trees contaminated with R. shantungensis.
Although a rapid spread is not to be expected, the spreading of R. shantungensis to Gyungsang-Do appeared to be inevitable because the habitat suitability of this region for R. shantungensis in CLIMEX was high (i.e., a CMI value > 0.7). The distribution probability of these areas in MaxEnt was the highest in Korea in the 2030s. Gyungsang-Do is economically and agriculturally important in Korea. It has large apple, persimmon, and chestnut export agricultural complexes. These plants are known to be good host plants for R. shantungensis. Thus, management of R. shantungensis is needed to minimize its economic impacts and slow its spread in Korea based on the current distribution, and the predicted distribution in the 2030s, of R. shantungensis.
Conclusions
An increasing number of invasive species are expected to continue to occur internationally due to increased trades, transportation, and human activities, as well as global warming [37] . Thus, the demand for species distribution models (SDMs) would be increased to determine current distribution, predict future distribution and habitat suitability, and identify associations between occurrence and the surrounding environment related to the occurrence of a target species. For more reliable SDMs, the selection of variables should be related to the characteristics of a target species. As an example, spatial association analysis was applied in this study. Parameters selected by spatial association analysis resulted in increased prediction accuracy and reliability for the occurrence of R. shantungensis in Korea. The results from CLIMEX and MaxEnt predicted that R. shantungensis currently has a higher occurrence probability in western areas than in eastern areas in Korea. However, it has great potential to spread eastward in the future. These results will be helpful for developing relevant management strategies and national long-term agricultural plans in Korea. 
